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In  this  paper,  we  report  on  the  facile  preparation  of  porous  Li2FeSi04/C  nanocomposites  by  tartaric  acid- 
assisted  sol-gel  method  and  their  electrochemical  properties  as  the  cathode  materials  of  Li-ion  batteries. 
The  structure,  morphology,  and  texture  of  the  as-prepared  samples  are  characterized  by  means  of  XRD, 
Raman,  SEM,  TEM/HRTEM,  and  N2  adsorption/desorption  techniques.  The  results  show  that  the  porous 
Li2FeSi04/C  nanocomposites  are  consisted  of  nanoparticles,  which  have  been  coated  with  in  situ  carbon  on 
the  surface.  The  electrochemical  properties  of  the  as-prepared  Li2FeSi04/C  nanocomposites  have  been 
investigated  using  galvanostatic  charge/discharge  and  cyclic  voltammograms.  It  is  found  that  porous 
Li2FeSi04/C  nanocomposite  with  8.06  wt%  carbon  shows  a  high  capacity  of  176.8  mAhg-1  at  0.5  C  in  the 
first  cycle  and  a  reversible  capacity  of  132.1  mAhg-1  at  1  C  (1  C  =  160mA g_1)  in  the  50th  cycle.  This  high 
capacity  indicates  that  more  than  one  electron  reaction  may  be  occurred.  These  results  illustrate  that 
the  porous  Li2FeSi04/C  nanocomposite  with  8.06  wt%  carbon  is  potential  in  the  application  of  high-rate 
cathode  material  of  Li-ion  batteries. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  research  area  of  lithium-ion  batteries  (LIBs),  great  efforts 
have  been  devoted  to  increasing  the  capacity  and  improving  the 
security  of  the  cathode  materials  [1].  Recently,  the  polyanionic 
compounds  have  attracted  great  interests  for  their  stable  struc¬ 
tures  and  high  capacities  [2,3  ].  As  a  class  of  polyanionic  compounds, 
Li2FeSi04  holds  a  great  promise  as  a  potential  cathode  material 
because  of  its  high  specific  theoretical  capacity  (166  mAhg-1  for 
one  Li+  exchange  and  332 mAhg-1  if  the  second  Li+  exchange 
could  be  achieved)  [4-8].  Furthermore,  Li2FeSi04  materials  are  also 
featured  with  virtues  of  low  cost,  high  safety  and  nontoxicity.  How¬ 
ever,  there  are  inherent  disadvantages  of  Li2FeSi04  such  as  low 
electronic  conductivity  and  ion  transmittability,  which  prevent  the 
attainment  of  high  electrochemical  capacity  and  stable  cyclability 
[9].  Recent  studies  show  that  both  exploring  porous  nanostruc- 
tured  electrode  and  coating  a  conductive  component  have  proven 
to  be  efficient  strategies  in  enhancing  the  electrochemical  perfor¬ 
mances  of  electrode  materials  [1,10].  Various  methods  such  as  ball 
milling  [4,11]  and  citric  acid-assisted  sol-gel  [9,12-14]  have  been 
successfully  used  to  synthesize  Li2FeSi04/C  nanoparticles.  Among 
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these  ways,  sol-gel  method  is  a  simple  and  effective  way  to  prepare 
carbon  coated  nano-Li2FeSi04,  which  can  deliver  a  high  capac¬ 
ity  of  153.6 mAhg-1  at  C/16  [13].  To  further  elevate  the  capacity 
and  rate  properties,  researchers  have  attempted  to  observe  porous 
and/or  smaller-sized  Li2FeSiO 4/C  through  composite  methods.  For 
example,  Li2FeSi04/C  composite  with  porous  structure,  which  was 
prepared  by  sol-gel-assisted  ball  milling  technique,  delivered  a  dis¬ 
charge  capacity  of  1 55  mAh  g-1  at  0.2  C  [  1 5 ].  Li2 FeSi04/C  composite 
with  the  crystallite  size  of  40-80  nm,  which  was  prepared  by  a 
hydrothermal-assisted  sol-gel  method,  displayed  a  specific  capac¬ 
ity  of  125 mAhg-1  at  2C  [16].  It  is  thus  that  the  preparation  of 
Li2FeSi04/C  with  further  reduced  particle  size  and  porous  structure 
should  be  interesting. 

In  this  paper,  we  report  on  the  synthesis  of  porous  Li2FeSi04/C 
nanocomposites  and  their  promising  electrochemical  properties 
as  the  cathode  materials  of  Li-ion  batteries.  A  facile  tartaric  acid 
(TA)  assisted  sol-gel  method  was  employed  to  prepare  the  porous 
Li2FeSi04/C  nanocomposites  with  the  size  around  30  nm.  Through 
simply  altering  the  molar  ratio  of  TA/Li2FeSi04,  we  obtained 
Li2FeSi04/C  composite  with  various  contents  of  carbon  coating. 
Furthermore,  the  as-synthesized  porous  Li2FeSi04/C  nanocompos¬ 
ites  exhibited  enhanced  electronic  conductivity  and  Li+  diffusion 
coefficient  as  well  as  superior  rate  and  cycling  capabilities.  The 
present  results  indicate  that  porous  Li2FeSi04/C  nanocomposite 
with  8  wt%  carbon  coating  on  the  surface  is  promising  as  the  cath¬ 
ode  material  of  Li-ion  batteries. 
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Fig.  1.  Schematic  illustration  of  the  preparation  of  porous  LhFeSiC^/C  nanocomposite  (LFSO  refers  to  Li2FeSi04).  First,  TA  complex  with  metal  ions  and  release  the  dissociated 
H+,  which  participate  in  catalyzing  the  hydrolysis  of  TEOS  (a->  b).  Second,  through  a  sol-gel  procedure  (b-*  c),  the  wet  gel  composite  is  further  dried  to  remove  the  extra 
solvent  (c  ->  d).  During  the  sintering  process,  the  pyrolysis  of  the  carbon  precursor  in  Ar  generates  porous  LhFeSiO^C  (d  ->  e). 


2.  Experimental 

2.1.  Materials  synthesis 

The  preparation  of  Li2FeSi04/C  composite  was  performed 
through  a  sol-gel  route  and  the  synthetic  procedures  are  schemati¬ 
cally  illustrated  in  Fig.  1 .  All  reagents  in  this  study  were  of  analytical 
grade  and  used  as-received  unless  stated.  In  a  typical  synthesis, 
stoichiometric  amounts  of  TA  and  tetraethyl  orthosilicate  (TEOS) 
were  first  dispersed  in  ethanol.  A  deionized  water  solution  with  the 
dissolving  of  stoichiometric  amounts  of  Fe(N03)3-9IT20  and  LiN03 
was  added  under  continuous  stirring.  The  mixture  was  stirred  at 
60  °C  for  2  h  in  airtight  system  to  avoid  the  volatilization  of  the  sol¬ 
vent.  Then,  the  solvent  was  evaporated  at  the  same  temperature 
under  magnetic  stirring  until  a  clear  gel  was  formed.  After  being 
dried  at  80  °C  for  2  h,  the  dry  gel  was  ground  to  powders.  Finally, 
the  gel  powders  were  treated  at  350  °C  for  2  h  and  then  600  °C  for 
8  h  in  a  flowing  argon  atmosphere,  while  the  exhausting  gas  was 
absorbed  by  diluted  NaOFI  solution.  By  altering  the  molar  ratio  of 
TA/Li2FeSi04  to  2:1,  3:1  and  4:1,  the  as-prepared  samples  were 
labeled  as  SI,  S2  and  S3  respectively. 

2.2.  Materials  characterization 

The  structures  of  the  as-synthesized  samples  were  character¬ 
ized  by  powder  X-ray  diffraction  (XRD,  RigakuD/max-2500  X-ray 
generator,  Cu  Ka  radiation),  transmission  electron  microscopy 
(TEM,  Philips  Tecnai  FEI,  200  kV),  and  Raman  spectroscopy  (DXR, 
ThermoFisher  Scientific,  532  nm).  To  analyze  the  exact  structure  of 
the  as-prepared  Li2FeSi04,  Rietveld  refinement  program  RIET AN- 
2000  was  utilized  [17].  The  morphologies  of  the  samples  were 
observed  by  scanning  electron  microscopy  (SEM,  Nanosem  430, 
Field  Emission,  1 0  kV).  The  specific  surface  area  and  pore  size  distri¬ 
bution  were  analyzed  by  Brunauer-Emmett-Teller  (BET)  nitrogen 
adsorption-desorption  measurement  (Japan,  BELSORP-Mini).  The 
weight  ratio  of  the  coated  carbon  of  the  sample  was  tested  by  using 
elemental  analyzer  (German,  VarioEL).  The  conductivity  of  the 


2  -Theta  (Degree) 


Fig.  2.  (a)  Rietveld  refined  XRD  pattern  (green  line)  of  the  as-prepared  porous 
Li2FeSi04 /C  nanocomposite  with  experimental  data  (red  dots),  Bragg  positions 
(green  makers)  and  difference  curve  (blue  line),  (b)  The  determined  super  cell  struc¬ 
ture  for  Li2FeSi04,  which  is  composed  of  alternating  pairs  of  Fe04  (blue)  and  Si04 
(purple)  tetrahedral  along  the  direction  of  [I  0  l]super.  (For  interpretation  of  the  ref¬ 
erences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the 
article.). 
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Fig.  3.  SEM  images  of  (a)  SI,  (b)  S2  and  (c)  S3.  TEM  (d)  and  HRTEM  (e)  images  of  S2.  The  inset  is  the  corresponding  FFT  pattern. 


composite  was  measured  by  a  four-probe  meter  detector  (China, 
RTS-8)  at  room  temperature.  Three  parallel  measurements  were 
carried  out  and  the  error  of  the  measurement  is  about  5%.  The  pack¬ 
ing  density  of  the  powders  was  measured  by  tapping  the  powder 
100  times  in  a  2  mL  cylinder  as  described  [18]. 

2.3.  Electrochemical  measurements 

Electrodes  and  coin  (CR2032)  cells  were  prepared  follow¬ 
ing  similar  procedures  described  in  our  previous  report  [19]. 
The  working  electrodes  were  made  from  a  mixture  of  70wt% 


of  the  active  material  (Li2FeSi04/C,  exposed  to  air  atmosphere 
for  20  days),  20wt%  of  the  conducting  agent  (Vulcan  XC-72, 
Cabot),  and  10  wt%  of  the  polyvinylidene  difluoride  (PVDF)  binder. 
The  assembled  cells  were  cycled  at  different  charge-discharge 
rates  in  a  wide  potential  range  of  1. 5-4.8  V  on  a  CT2001A 
cell  test  instrument  (LAND  Electronic  Co.).  The  specific  capac¬ 
ity  was  calculated  on  the  basis  of  the  amount  of  the  active 
material,  excluding  the  mass  of  the  coated  carbon.  The  cyclic 
voltammograms  (CV)  were  performed  at  different  scan  rates  with 
a  Parstat  263A  electrochemical  workstation  (AMTECT  Company) 
[20].  Before  recording  the  CVs  at  varied  scan  rates,  the  fresh  cells 


Fig.  4.  (a)  Nitrogen  adsorption  and  desorption  isotherms  at  77  K  and  (b)  pore-size  distributions  of  SI,  S2,  and  S3. 
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were  scanned  at  0.5  mV  s-1  for  5  cycles  to  activate  and  stabilize  the 
electrodes.  All  the  electrochemical  measurements  were  tested  at 
room  temperature. 

3.  Result  and  discussion 

3  A.  XRD  analysis 

According  to  the  recent  reports,  Li2FeSi04  performs  three  typical 
structures:  a  3-Li3P04-based  orthorhombic  structure  (S.G.  Pmn2\ ) 
[4],  a  monoclinic  structure  (S.G.  P2i/n)  [21],  and  an  orthorhombic 
structure  (S.G.  Pmnb )  [22].  In  this  study,  the  selected  tempera¬ 
tures  were  evaluated  by  thermal  analysis  (Fig.  SI).  It  is  found  that 
Li2FeSi04  synthesized  at  600  °C  shows  the  character  of  P2\\n  struc¬ 
ture  (Fig.  2).  No  crystalline  carbon  can  be  obviously  detected  in  the 
XRD  pattern,  revealing  that  the  as-formed  carbon  layer  is  prob¬ 
ably  in  the  amorphous  state  or  that  its  intensity  is  too  low  to 
be  covered.  The  Rietveld  refinement  (Fig.  2a)  shows  the  calcu¬ 
lated  cell  parameters  of  a  =  8.2291  A,  b  =  5.01436  A,  c  =  8.231 7  A,  and 
(3  =  98.6740°,  which  are  consistent  with  the  previous  report  [21]. 
Fig.  2b  shows  the  determined  super  cell  structure  of  Li2FeSi04.  It 
can  be  seen  that  along  the  direction  of  [1  0 1  ]super,  the  alternating 
corner-shared  Fe04  and  Si04  trigonal  pyramids  constitute  one¬ 
dimensional  chains.  It  is  noted  that  large  amount  of  organic  acid 
contributes  to  high  phase  purity  of  the  sample  (Fig.  S2). 

3.2.  SEM  and  TEM  analyses 

Fig.  3  displays  the  SEM  and  TEM  images  of  SI,  S2  and  S3.  From 
Fig.  3a-c,  it  can  be  seen  that  with  the  increasing  of  the  carbon  con¬ 
tent,  there  is  an  obvious  decrease  of  the  space  between  the  particles. 
Especially  for  S3,  the  particles  are  hardly  seen  due  to  the  contact  of 
the  massive  pyrolytic  carbon.  S2  is  selected  for  further  investiga¬ 
tions  by  TEM  and  FIRTEM  (Fig.  3d  and  e).  The  typical  TEM  image 
in  Fig.  3d  shows  the  homogeneous  distribution  of  the  nanopar¬ 
ticles.  The  FIRTEM  image  in  Fig.  3e  illustrates  that  the  Li2FeSi04 
nanocrystals  are  uniformly  surrounded  by  the  carbon  layer  with  the 
thickness  of  around  2  nm.  Clear  crystal  lattice  stripes  are  observed 
with  a  measured  neighboring  interlayer  distance  of  0.28  nm,  which 
corresponds  to  the  d-spacing  of  the  (112)  crystal  plane. 

3.3.  BET  analysis 

To  analyze  the  texture  of  the  nanocomposites,  we  have  mea¬ 
sured  the  nitrogen  adsorption-desorption  isotherms  of  SI,  S2  and 
S3.  The  determined  BET  specific  surface  areas  of  SI,  S2  and  S3  are 
56.7,  64.4  and  62.1  m2g-1,  respectively.  There  is  a  notable  hys- 
teretic  effect  between  the  adsorption  and  desorption  isotherms 
(Fig.  4a),  indicating  the  existence  of  accumulated  pores  [23].  The 
porous  structures  are  mainly  produced  from  the  preparation  pro¬ 
cess,  which  is  due  to  the  release  of  gases  from  the  decomposition  of 
the  organic  acid.  The  corresponding  pore-size  distribution  curves 
(Fig.  4b)  show  that  the  pore  sizes  of  the  three  samples  mainly  locate 
between  5  and  20  nm. 

3.4.  Carbon  and  conductivity  analysis 

The  actual  content  of  the  coated  carbon,  calculated  grain  size 
using  Scherrer’s  formula,  specific  surface  area,  electronic  conduc¬ 
tivity  and  the  packing  density  of  SI,  S2,  and  S3  are  summarized 
in  Table  1.  The  measured  electronic  conductivities  of  SI,  S2  and 
S3  are  1.58  xlO-5,  4.94  xlO-4  and  1.63  x  10-3  Son-1,  respec¬ 
tively,  which  are  much  higher  than  that  of  the  uncoated  Li2FeSi04 
(~10-14)  [24].  In  general,  the  electronic  conductivity  of  Li2FeSi04/C 
composite  can  be  increased  by  several  orders  of  magnitude  with  the 


Fig.  5.  Raman  spectrograms  of  (a)  SI ,  (b)  S2,  and  (c)  S3.  The  two  broad  bands  of  each 
sample  can  be  deconvoluted  into  dotted-line  four  peaks  (Peak  1,  Peak  2,  Peak  3,  and 
Peak  4)  from  a  Gaussian  numerical  simulation,  which  are  attributed  to  four  vibration 
modes  of  the  coated  carbon.  The  Si04  structure  should  be  around  890  cm-1  marked 
with  the  cycle. 

increasing  of  the  carbon  content.  However,  the  coating  of  carbon 
leads  to  a  decrease  of  the  packing  density  of  the  powders,  which  is 
unfavorable  to  its  actual  applications  as  the  electrode  material. 

Fig.  5  shows  the  Raman  spectroscopy  of  SI,  S2,  and  S3.  The 
Raman  signals  at  around  1350  cm-1  (Peak  2)  and  1590  cm-1  (Peak 
4)  are  D  (disordered)  band  and  G  (graphite)  band  of  sp2  type  car¬ 
bon,  while  the  others  at  around  1180  cm-1  (Peak  1 )  and  1510  cm-1 
(Peak  3)  are  related  to  sp3  type  carbon  [25,26].  The  integrated  area 
ratio  of  sp3  and  sp2  (Asp3  /Asp2 )  can  be  used  to  roughly  estimate  the 
relatively  content  of  the  graphite  carbon.  The  low  Asp3  /Asp2  ratio 
(0.28,  0.30  and  0.42  for  SI,  S2  and  S3  respectively)  indicates  that 
large  amount  of  the  coated  carbon  in  all  samples  exists  in  sp2  type. 
Additionally,  the  ID/IG  ratio  (intensity  ratio  of  D  and  G  bands)  of  SI, 
S2  and  S3  are  fitted  to  1.12,  0.99  and  0.88  respectively,  which  can 
be  used  to  evaluate  the  graphitization  degree  of  the  composite.  The 
smallest  Jd//g  ratio  of  S3  is  associated  with  the  highest  electronic 
conductivity  [27],  agreeing  with  the  measured  results  in  Table  1. 

3.5.  Capacity  and  rate  properties 

Fig.  6  displays  the  continuous  charging  and  discharging  per¬ 
formances  of  Li2FeSi04/C  materials  at  varied  rates.  As  shown  in 
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Table  1 

The  weight  ratio  of  the  coated  carbon,  average  grain  size,  specific  surface  area,  electronic  conductivity  and  packing  density  of  the  as-prepared  SI,  S2,  and  S3. 


Sample 

Weight  ratio  of  coated  carbon  (wt%) 

Average  grain  size  (nm) 

Specific  surface  area  (m2  g-1 ) 

Electronic  conductivity  (S  cm-1 ) 

Packing  density  (gem3) 

SI 

3.12 

42.3 

56.7 

1.58  x  10“5 

0.967 

S2 

8.06 

31.8 

64.4 

4.94  x  10“4 

0.961 

S3 

10.79 

28.9 

62.1 

1.63  xlO-3 

0.947 

(a) 
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Fig.  6.  Charge-discharge  curves  of  (a)  SI,  (b)  S2,  (c)  S3,  and  (d)  their  corresponding  capacity  performance  continuously  cycled  at  0.5, 1,  2,  5  and  0.5  C. 


Fig.  6a-c,  the  initial  charge  curve  is  different  from  the  others, 
which  has  been  ascribed  to  the  structural  rearrangement  during 
the  first  charge  process.  Additionally,  the  initial  charge  capacities 
around  3.2  V  of  SI,  S2,  and  S3  are  improved  with  the  increasing 
of  the  coated  carbon.  This  confirms  that  the  oxidation  of  Li2FeSi04 
with  the  exposition  in  the  air  is  prevented  [28-30].  Fig.  6d  shows 
the  full  capacity  changes  for  SI,  S2,  and  S3  at  0.5,  1,  2  and  5C, 
respectively.  It  can  be  seen  that  S2  shows  a  high  capacity  of 
176.8  mAh  g-1  at  0.5  C  in  the  first  cycle.  This  high  capacity  indi¬ 
cates  that  more  than  one  electron  reaction  may  be  occurred.  In 
spite  of  a  large  fading  in  the  second  cycle  caused  by  some  para¬ 
sitic  reactions,  the  discharge  capacities  perform  a  tendency  toward 
stabilization  in  the  following  cycles.  The  high  rate  performance  of 

52  seems  to  be  compatible  with  that  of  Li2FeSi04/C  nanograins 
[16]. 

Fig.  7  further  shows  the  discharge  capacities  of  SI,  S2,  and 

53  at  1C  for  50  cycles.  It  can  be  seen  that  the  carbon  con¬ 
tent  dramatically  affects  the  capacity  and  cyclic  performance 
of  porous  Li2FeSi04/C  nanocomposite.  In  particular,  S2  shows 
the  highest  initial  discharge  capacity  of  155.3  mAh  g-1  and  a 
stable  capacity  of  132.1  mAh  g-1  after  50  cycles.  This  is  due 
to  that  proper  content  of  carbon  (~8.0wt%)  can  enhance  the 
conductivity  of  the  material  and  thus  improve  the  cyclic  perfor¬ 
mance. 


Fig.  7.  The  discharge  capacity  and  cyclic  performance  of  SI,  S2  and  S3,  which  are 
charged  and  discharged  for  50  cycles  between  1.5  and  4.8  V  at  1  C  and  room  tem¬ 
perature. 
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Fig.  8.  Cyclic  voltammograms  of  (a)  SI,  (b)  S2,  (c)  S3  (at  different  scan  rates),  and  (d)  plots  of  the  reductive  peak  current  (Irp,  marked  with  arrows  in  a,  b,  and  c)  as  a  function 
of  the  square  root  of  the  scan  rates  (u1/2)  for  SI,  S2,  and  S3. 


Table  2 

A£p  at  various  scan  rates  and  the  Li+  diffusion  coefficiencies  (DLi)  of  the  as-prepared  SI,  S2,  and  S3. 


Sample 

A£p  (V)  at  various  scan  rates  (u/V  s_1 ) 

Diffusion  coefficient 
of  Li+  (DLi/c m2  s_1) 

0.0002 

0.0003 

0.0004 

0.0005 

SI 

0.660 

0.745 

0.795 

0.854 

7.52  xl0“13 

S2 

0.464 

0.518 

0.568 

0.602 

1.46  x  10“12 

S3 

0.665 

0.850 

0.908 

0.985 

1.95  xl0“12 

3.6.  Cyclic  voltammetry  analysis 

Cyclic  voltammetry  (CV)  analysis  has  been  carried  out  to 
understand  the  kinetic  characteristic  of  porous  Li2FeSi04/C 
nanocomposite.  Fig.  8a-c  shows  one  couple  of  the  Fe2+/Fe3+  redox 
peaks.  Among  the  three  samples,  S2  exhibits  the  smallest  voltage 
difference  ( AEP )  at  each  scan  rate  ( see  details  in  Table  2 ).  The  diffu¬ 
sion  coefficient  of  lithium  ions  (DLi)  can  be  calculated  from  a  linear 
relationship  between  peak  current  /p  (A)  and  the  square  root  of  the 
scan  rate  u1/2  (V1/2  s-1/2)  from  the  CVs,  according  to  the  following 
equation  [31]: 

Ip  =  2.69  x  105n3'/2AD’/2CyU1/2  (1) 

where  n  is  the  number  of  electrons  per  reaction  species,  A  is  the 
electrode  area  (1.13  cm2  in  this  study),  and  C*  is  the  bulk  con¬ 
centration  of  the  lithium  ion  in  the  electrode  (0.040  mol  cm-3  for 
Li2FeSi04).  Fig.  8d  shows  the  plot  of  /p  as  a  function  of  u1/2  for  SI, 
S2,  and  S3.  It  can  be  seen  from  Fig.  8d  that  there  is  a  good  linear 
relationship  between  /p  and  u1/2.  The  Li+  diffusion  coefficiencies 
are  calculated  and  summarized  in  Table  2.  The  determined  data 
falls  within  the  order  of  10_13-10-12  cm2  s-1,  which  is  comparable 
to  the  previous  result  (1.38  x  10-12  cm2  s-1)  [32]. 


4.  Conclusions 

In  summary,  porous  Li2FeSi04/C  nanocomposite,  which  has 
been  prepared  by  a  facile  tartaric  acid-assisted  sol-gel  route  with 
a  relatively  short  reaction  time,  has  been  applied  as  the  cath¬ 
ode  material  of  Li-ion  battery.  It  is  found  that  the  electronic 
conductivity  and  Li+  diffusion  coefficiency  have  been  improved 
by  the  combination  of  carbon  coating,  reduced  particle  size 
and  porous  structure.  In  particular,  Li2FeSi04/C  nanocomposite 
with  8.02  wt%  carbon  coating  shows  favorable  electrochemical 
properties  such  as  high-rate  ability  and  cycling  stability,  indi¬ 
cating  its  potential  application  as  the  cathode  material  of  Li-ion 
battery. 
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Appendix  A.  Supplementary  data 

Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  doi :  10.1 01 6/j.jpowsour.201 1.09.066. 
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